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MOTIVATION: LARGE-SCALE ADDITIVE MANUFACTURING AND FINE-SCALE 3D PRINTING ($ 5.9 BILLION IN 2017)

ROBOTIC
CONTROLLER

MULTIPLE
PHASES
LASER . DEPOSITION
aEe Seeie

SUBSTRATE ‘

INDUSTRIAL GOAL: RAPID SIMULTANEOUS CONTROL OF DEPOSITION, LASERS AND MATERIALS
3DP COMBINES: POSITIONING <> DEPOSITION<» HEATING <+ FUNCTIONALIZED MATERIALS
NEXT-GENERATION MACHINES: https://www.youtube.com/watch?v=g8sT8ESf jrg-NEED GUIDANCE!

RESEARCH COLLABORATORS: AHPCRC, APPLE, ARAMCO, ARL, AUTODESK, BASF, BOEING, DOE, FAA,
LAWRENCE BERKELEY, LAWRENCE LIVERMORE, LOCKHEED-MARTIN, DMG-MORI, PEER, POWLEY
FOUNDATION, SAMSUNG, SANDIA, SIEMENS, TOYOTA
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https://www.youtube.com/watch?v=g8sT8ESfjrg

DRIVER: LARGE-SCALE ADDITIVE MANUFACTURING AND FINE-SCALE 3D PRINTING WITH SPECIALIZED MATERIALS

VARIOUS LEVELS
OF DOPANTS

MICRO-ELECTRONIC DEVICE

Nt
@ DESIRED PROPERTIES: (1) ELASTIC (2) THERMAL (3) ELECTRICAL (4) MAGNETIC (5) OPTICAL ETC.
@ KEY MOTIVATION: STRATEGIC/RARE MATERIAL REPLACEMENT WITH MICRO-DESIGNED MIXTURES
@ KEY INGREDIENT: SPECIALIZED PROPERTY DESIGN-BY USE OF FINE-SCALE PARTICLES
@ ULTIMATE OBJECTIVE: REDUCE PRODUCT DEVELOPMENT TIME AND COSTS THROUGH SIMULATION
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PLACEMENT OF PARTICLES: MANY APPROACHES TO GET THE PARTICLES INTO THE CORRECT LOCATION

POURING

— SMEARED
WITH BLADE

IS kil

METHOD 1: DOCTOR BLADE TO SMEAR PARTICLES-THEN HEAT/LASER (COMMON)

METHOD 2: POUR FLUIDIZED/INK PARTICLES-THEN HEAT/LASER (COMMON)

METHOD 3: SPRAY AEROSOLIZED/ATOMIZED PARTICLES-THEN HEAT/LASER (COMMON)

METHOD 4: ELECTRICALLY GUIDE PARTICLES (MIXTURES)-THEN HEAT/LASER ACCURATE=FUTURE
PROVIDES EXTREME FAULT-TOLERANCE (ROBOTIC ERROR COMPENSATION)

ELECTRIFICATION AND CHARGING PRODUCES CONTROLLABLE FLUID-LIKE BEHAVIOR

SECONDARY (BLUE) PARTICLES FUNCTIONALIZED THE MIXTURE FOR DESIRED PROPERTIES
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: DEPOSITION PROCESSING: MODELS FOR CHARGED PARTICULATE DYNAMICS

VARIOUS LEVELS
OF DOPANTS

N
MICRO-ELECTRONIC DEVICE R ~{ -7 ’

@ DYNAMICS: m;F; = W (ry, ... r,) = W 4 W L whic 4 g (B 4 v, x BS?)
@ HEAT TRANSFER: m;C;§; = CONDUCTION + IMPACT + SOURCES, ETC.
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COUPLED GOVERNING MULTIPHYSICS EQUATIONS

@ DYNAMICS: mjF; = W (ry, ... r,) = W 4 W L Wi 4 g (B 1 v, x B®?)

® NEAR-FIELD: W} =37 | | aallri — rj|| 7 — col[r; — 1| nj;
~~

attraction repulsion unit vector

@ HEAT-FLOW:

C
: 0 —0i .
[pCLav=—[ Q ndA+ [ HdV = mC :ZK,-,-Hr{ i
j=1 Y
Q;
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DETAILS-MECHANICAL PARTICLE-TO-PARTICLE CONTACT AND BONDING

i CONTACT AREA ZOOM

CONTACT AND FRICTION FORCES

[ri—rilI=(Ri+R;)

CONTACT: WE" oc —Kp|E;|PP njiAS WHERE £; = e AND Af = ma
ity

2
FRICTION: W = [ |ween || 7
ADHESION/BONDING: IF £; < 0 AND [£;| > £* THEN W5 = K, |£;(Pbn;AS

TOTAL FORCES: wot 4f

w;:on + ‘ur_’ric + w:_/vall + ‘u;}ond + wlr_wf + qi(Eext + v x Bext)
CONTACT LIBRARY: HERTZ, BRADLEY, JOHNSON-KENDEL-ROBERTS, DERJAGUIN-MULLER-TOPOROV

EMBEDDING TEMPERATURE DEPENDENCY IS CRITICAL FOR SELECTIVE LASER SINTERING/MELTING
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COUPLED IMPLICIT MULTIPHYSICAL TIME-STEPPING

1 t+At t+At t+At . t+At
VELOCITY :wv;(t + At) = vi(t) + — (/ v a4 / W gt 4 / whic gr 4 / wetm gr 4 etc)
m; t t t t
1 t+At
= vit)+ — / Wit dt
m; Jt
1
~ v+ — ((ewf (e + a0 + (1 - )W () At)
mj
At
POSITION :ri(t + At) =~  ri(t) + v;(t)At + #a0? (¢w‘°‘(t LA+ (- ¢)w§°‘(t))
ml
1 t+At t+AL
THERMAL :0;(t + At) = 6;(t)+ — (/ Q; dt+/ Hi dt)
m;C; t t
At
~ o 0i(t) + — (6(Qi(t + At) + H;(t + At)) + (1 — ¢)(Qi(t) + H;(t)))
iCi

ROTATIONS QUESTIONABLE (BUT INCLUDED) FOR SMALL OBJECTS DUE TO LARGE ROLLING RESISTANCE:

d(l; - w;) EXT 7 2 2
T M, em = Hiem = liswi = —miR; w;

TIME-STEPPING: w;(t + At) = w;(t) + A—‘ (quEXT(t + At + (1 )MEXT(t))

iem iem

ANGULAR MOMENTUM: H,-ﬁcm =

MEXT _FRICTIONAL INTERACTION AND ROLLING RESISTANCE

i,em
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ITERATIVE MATRIX-FREE COMPUTATION WITHIN A TIME STEP: RAPID AND LOW-MEMORY

FOR EACH PARTICLE:

(1) ASSUME SURROUNDING

PARTICLES ARE MOMENTARILY

FIXED IN SPACE AND TIME

(2) SOLVE FORTHE NEW PARTICLE
STATE (POSITION, TEMPERATURE, ETC)

(3) MOVE TO THE NEXT PARTICLE AND REPEAT

mA>IA0OCO

NOTE: SIMILAR TO A MOVING-NODE
GAUSS-SEIDEL METHOD (NO MATRICES)

COMPUTE SHADED

FREEZE ALL OTHERS

UPDATE /:PDATE
COMPUTE SHADED Cg @)

FREEZE ALL OTHERS! O

@ ABSTRACT RECURSION: A(rtt)y = F = g(r1HY) — Ly R =0 = AHHLK — g HL K- L R

2 2 2
At 1— ¢)(At
@ FIXED-POINT ITERATION: rL+1K — 7 (AD° wiot(p LK1y L by A 4 20— o)Ay VR ()
m m

g(rl+l,K—1) R
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MODEL PROBLEM: IMPACT SEQUENCE OF A DROPLET-DEPOSITION IMPROVEMENT (BELOW IS POOR)
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A RAPID DESIGN TOOL: EXAMPLE-ELECTRICALLY CONTROLLED/TARGETED DROPLET DEPOSITION

PARTICULATE
DROPLET

@&

(NITIAL CONFIGURATION) (ELECTRIC) qE
Fbinding
myv(t) - mv(t)
— (NEAR-FIELD)
qE Ky qEug

(FRICTION)

MODERATE STRONG
ELECTRIC ELECTRIC
FIELD FIELD

—~-
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WEIRD RELATED TOPICS: SWARMS OF UAVS!
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MODELING SWARMS: LARGE-SCALE BIOMIMICRY

O

SWARM
MEMBERS

@ MODEL: mif; = WM™ o M- T L ¢yM-o0
N—— ~—— S——

member — member member — target member — obstacles

@ GOAL: USE ANIMAL BEHAVIOR TO CREATE SYNTHETIC SWARMS
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THE RISE OF COPTERS
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RAPID DAMAGE POST-DISASTER ASSESSMENT: POWER, WATER, FOOD, TELECOMMUNICATIONS, TRAFFIC

REGIONAL POWER CELLS REGIONAL FOOD PRODUCTION CELLS REGIONAL WATER CELLS

REGIONAL SATELLITE CELLS REGIONAL TRAFFIC CELLS  REGIONAL INTERNET CELLS
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SWARM MODELING: TYPES OF INTERACTION

M-T GOAQ

[}
OBSTACLE f -
_____ a3
-“-~" M-0 5%y
PR N
M-M V] -~ OBSTACLE
SWARM w TARGET LOCATIONS

MEMBERS \C) LOCATION

® DYNAMICS : mjF;
© MEMBER: W)™V =

W(ry,ra, ... iy . Fp) = \va’_M + lllfv’_T + \II,M_O

M—M M=M M—M —pM—m re—r;
Sz | | e M =l =M — TF=F
attraction repulsion
o TARGET : wM-T — (aM’THr* - r,-||ﬁ"”) el
i [1F—Fi|
. wyM—0 _ M-0y|, . 1 =BM—O\ Fy—t;
® OBSTACLE: WM = _y9 ((a lIroj — ril] ) W)
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MODEL PROBLEM: CHASING A MOVING TARGET

A

@ T, ==x,+aicos(ayt) +azt, T, =y, + bysin(byt) + b3t, T, =z, + cicos(crt) + c3t
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NONSMOOTH, NONCONVEX, OBJECTIVES=- MACHINE LEARNING/GENETIC ALGORITHMS

TWO RANKED "PARENTS"
ANNNNNNNN ETC..

SRS EEREREEE

RANDOM CONVEX COMBINATIONS

065050605060
5050066050600

TWO GENERATED "CHILDREN"

PARENT CHILD
GENE POOL

(NEED INHERITANCE) OF PARAMETER SETS

(a) a population (P) of different parameter sets are generated at random

(b) performance of each parameter set is tested and all ranked from top to bottom
(c) best parameter sets (parents) are mated pairwise producing two offspring

(d) worst performing genetic strings eliminated, new strings introduced

(e) Rescale and restart search around best design every few generations

(f) Employ gradient-based methods afterwards in the local “valleys”

REMARK: IDEAL FOR LARGE-SCALE PARALLEL COMPUTATION
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SWARM SELF-ORGANIZATION-SEARCHING MULTIPLE SITES

EXAMPLE-DESIGN VARIABLES: INTERACTION PARAMETERS=q;, 3;, i =1,..., N
STARLINGS (STURNUS VULGARIS): INTERACT WITH SPECIFIC MEMBERS
ANOTHER CASE: INTERACTION WITH EVERY OTHER SWARM MEMBER
ANOTHER CASE: INTERACTION WITHIN A COMMUNICATION RADIUS
ANOTHER CASE: INTERACTION WITHIN A VISUAL FIELD

THE KEY IS TO TRANSLATE BEHAVIOR INTO EQUATIONS
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MANUFACTURING SAFETY: SPATIO-TEMPORAL FOOTPRINTS OF INCANDESCENT EJECTA

@ DYNAMICS: m; <y

© THERMO: m;C;:%i = hAS(0s — 0;) + eBAS (02 — 07) + 73 paCol|vs — vi|PA

= mig + 3paCp||vs — vil|(vs — vi)A;
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MANUFACTURING SAFETY: SPATIO-TEMPORAL FOOTPRINTS OF INCANDESCENT EJECTA
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DETAILS IN BOOKS/MONOGRAPHS/PAPERS: http://www.me.berkeley.edu/faculty/zohdi/

@ Zohdi, T. I. and Wriggers, P. (Book, 2008) Introduction to computational
micromechanics. Second Reprinting. Springer-Verlag.

Electromagnetic

| Properties of
Multiphase Dielectrics
A Frises on Modieing. Thewy 454 (

&) Springer

Tarek . Zohdi

Modeling and Simulation
of Functionalized
Materials for Additive
Manufacturing and 3D
Printing: Continuous and
Discrete Media

Continuum and
Discrete Element Methads

@ Zohdi, T. I. (Book, 2012) Electromagnetic properties of multiphase
dielectrics. A primer on modeling, theory and computation. Springer-Verlag.
@ Zohdi, T. I. (Book, 2017). Modeling and simulation of functionalized
materials for additive manufacturing and 3D printing: continuous and
discrete media. Springer-Verlag.
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